We present here a complete model of a Sony 18650HC lithium-ion battery developed in MATLAB/Simulink, which is adaptable to other lithium-ion cell chemistries and can be implemented into a full power system model. The model accounts for varying current rates, temperature dependencies and internal cell characteristics under both charge and discharge conditions and is primarily based on characterisation tests of the 18650HC cell with the addition of standard thermal equations and electrical relationships. The model can be adapted to fit other types of lithium-ion cell chemistries when the characterisation profile for that chemistry is created using our testing procedures. Comparisons between the model and experiments conducted on test cells have shown very accurate results and the adaptability of the model has been proven. This allows us to test and model newer cell technologies for which commercial data may not yet be available.
Introduction
Rechargeable lithium-ion batteries have a high energy density and a long cycle life which makes them ideal for use in a large variety of applications (1, 2) . When such systems are being developed, accurate simulation models are required to represent each subsystem within the application. The modelling of a battery pack within a system poses many difficulties. There are a wide variety of cell chemistries, not only in the general sense, but also within the lithium-ion family (1) . All have their own distinctive characteristics and so predicting their behaviour within a system is no trivial task. Changing the battery you wish to use in your design usually requires an entirely new battery model and understanding of its internal chemistry. This is especially true of future cell technologies where raw data may be scarce.
Many detailed electrochemical models exist for lithium-ion chemistries (3-7) which model the complex electrochemical processes that occur inside the battery. However, due to the variety of lithium-ion chemistry combinations, the design of such models can be a complex operation, especially for system level designers and non-electrochemists. System level designers rarely have the need or facilities to look at the standard electrochemical models currently available to them nor details such as equations governing porous electrodes (8, 9) diffusion in the electrolyte (3, 4) or mass-transfer effects (4) . These electrochemical models, although complex and detailed, can rely on certain assumptions made about the nature of the electrolyte (2), the charge transfer process (8) , the size and shape of the charged species and heat generation within the cell (6) . These assumptions simplify the calculations in the model but may lead to discrepancies in the model when compared to test data. For system level models such complexity is best avoided as it can lead to cumulative errors and unrealistic behaviour in a battery pack model (10) .
Models based on equivalent circuit techniques can also be found in the literature (10) (11) (12) (13) (14) and as these are based on cell characterisation measurements, they present a more versatile modelling technique for the system designer. However, the approach used by A Capel (12) requires the calculation of 43 different constants that depend on the physical and electrochemical features of the cell and also the active material within the cell; not ideal for a system designer. L. Gao et al (10) produce a similar equivalent circuit model that depends on the calculation of scaling factors, but may not be used for the charging process of the cell. M. Dubarry and B.Y. Liaw (11) demonstrate an accurate technique that gives good correlation to test data, however, they do not consider temperature dependencies within their model and assumptions they have made in the simplification of the calculations may lead to cumulative errors in a battery pack simulation.
The main difficulty in the modelling of batteries is determining how the cell chemistry reacts to the many changeable parameters involved in battery charging and discharging and how this affects the voltage seen at the terminals of the battery. Current rate, temperature, age, environment, use and chemical composition all have a combined effect on not only terminal voltage, but on each other too. It is the job of the model presented here to accurately recognise these interdependencies and to correctly implement them to give an accurate representation of how the battery will react to any given situation under any load or charge conditions. This paper presents a solution to battery pack modelling based on the wealth of cell characterisation data collected by ABSL power solutions over many years. It includes a scaling of the cell model to a battery pack model and a factor for the capacity fade of the cell. Separate studies have been made on the capacity fade of lithium-ion cells (15) (16) (17) , however in this model, life test data collected by ABSL is used to predict the capacity fade of the cells. Due to ABSL's ability to produce highly matched cells for their battery packs, cell imbalances have not been accounted for and more work has been done in this area by M. Dubarry, N. Vuillaume and B-Y Liaw (18) .
The model presented in this paper does not depend on the user having detailed knowledge of the electrochemical processes occurring within the cells. Instead, characterisation tests performed on the Sony 18650HC cell produced a set of empirical data that the model uses to define that particular cell profile. The model uses this data in the form of lookup tables and so, when a set of empirical data is collected for an alternative cell chemistry, a new profile is created and the model adapts to this new data. The work laid out in this paper shows how a particular cell chemistry can be characterised to be included in the model and how the model can be adapted to new cell types. It has been built in MatLab/Simulink with the intention that it can be included into a full power system model and the inputs and outputs to the model are representative of this. State of Charge/EMF. The main dependency in the model is an accurate SoC/EMF curve from which to start. It has been shown that there is an absolute relationship between the EMF and SoC in a lithium-ion cell (19) and so the model is based around two curves of EMF against SoC, one for charge and one for discharge. This data is stored in an array that the model uses as a lookup table. Initially the user knows the starting EMF or initial SoC of the battery and so the battery's initial state is known. The current profile that the model will be running is defined by the user so it is known whether the battery is charging or discharging, for how long and at what rate. The current entering or leaving the cell is used to calculate the ongoing change in state of charge. Once the (time-dependent) state of charge value (Figure 2 ) is determined it is fed back into the empirical lookup table and the corresponding EMF is calculated as time progresses (Figure 3 ). It is this changing value of EMF that is used as a basis for determining the terminal voltage of the battery. Internal Resistance. The internal ohmic resistance of a cell results in the terminal voltage being different to the EMF by an amount proportional to the current flowing. Figure 4 shows how the internal resistance of a cell increases during discharge. The changing value of the cell EMF and its corresponding temperature is entered into a lookup table of empirical data that outputs a value for internal resistance. An additional factor has been worked into the internal resistance subsystem to represent the resistance increase at the end of life. Currently this is a simple combination of a percentage increase in resistance and a percentage of capacity degradation based on life data provided by ABSL Power Solutions.
Chemical Diffusion Resistance. The remaining difference between the EMF and the measured terminal voltage under load or charge conditions is due to a chemical resistance which is dependent on the cell temperature and the charge capacity transferred to or from the cell. A concentration gradient builds up to a steady state value in the electrode during charge and discharge leading to a higher concentration of lithium at the surface of the intercalation electrode. This surface concentration affects the electrode voltage and hence the cell voltage too. When the current is stopped the concentration gradient relaxes and the cell voltage slowly recovers to the EMF value.
The data used to model this extra resistance value comes from characterisation testing and will be different for each cell chemistry. There is no appreciable variation in the chemical resistance over the lifetime of the cell and so an "end of life" factor is not required as is for the ohmic internal resistance. Where I is the load or charge current, R is the internal ohmic resistance, T is the temperature and the derivative term is the thermoneutral potential. The thermal power dissipation is used as an input to the temperature subsystem in order to accurately determine the temperature of the battery. Because the thermoneutral potential is a negative quantity, and we have defined a discharge current as negative, the value of thermal dissipation is greater than the ohmic losses (I 2 R int ) for discharge and less than the ohmic losses for charge. In fact, for low states of charge and low current, the net dissipation may be negative and the cells become endothermic, reducing in temperature.
Cell Temperature. The temperature of the cell depends on the thermal power dissipation calculated previously and how the heat escapes from the battery. The thermal , 28 (22) 21-33 (2010) solution in the model is not based on empirical data from cell testing but uses the standard heat transfer equation to model the temperature of the battery:
The heat transfer equation gives the rate of change of temperature of a node with time. Parameters that have to be accounted for when changing the model between cell chemistries are the heat capacities of materials, the conductance link between nodes, the radiance and other physical parameters of the battery pack construction. Taper Current. Safe charging of lithium-ion cells requires a strict constant current/constant voltage charging scheme. The cell is primarily charged using a constant current and when the cell reaches its maximum voltage the constant current phase is stopped and the constant voltage phase starts. The maximum voltage is usually 4.1 or 4.2 volts for lithium-ion chemistry and this value automatically changes with the corresponding cell profile in accordance with cell manufacturers guidelines. When the battery reaches this maximum voltage it is held at that value and the current is allowed to taper off until it too is cut off at a preset limit which signifies the end of charge.
The taper current affects the state of charge of the cell shown in Figure 2 and so the model overrides the constant current input when under taper charge conditions, feeding the calculated taper current back into the model. Figure 6 . The cell is charged at a constant current until the voltage reaches its maximum value at which time the current is allowed to taper down to a preset cut-off limit.
Terminal Voltage. The terminal voltage is the subsystem where all the previous calculations are brought together. It represents the value of the EMF that has been affected by internal resistances, temperature changes and the current rate used on the cell. Under load conditions there is a small voltage drop across the cell due to these resistances and this is defined as the product of the total internal resistances R Total and the current rate used to charge or discharge the cell. The total internal resistance is the sum of the ohmic resistance and the chemical diffusion resistance.
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For a discharge current, which is negative, the value of the voltage drop is negative too and so the terminal voltage is less than the EMF. For a charge current, which is positive, the value of the voltage drop is now positive and the value of the terminal voltage is higher than the EMF.
Characterisation Testing

Method
In order to obtain the data that the model uses for a cell profile, that particular cell must undergo some specific characterisation testing. The data that is extracted from the testing is used in several lookup table blocks in Simulink, which makes up the cell profile in the model. To acquire the necessary data, three main sets of testing are carried out on various sets of cells. The first test characterises the fundamental pair of curves describing , 28 (22) 21-33 (2010) the absolute relationship between EMF and state of charge and from which the total capacity of the cell can be calculated. The second test characterises the two types of resistance, both ohmic and chemical, and the final test obtains data for the thermoneutral potential. The raw data taken from the tests is analysed and processed into lookup tables and the data is then linearly interpolated by the model. All tests are carried out in an environmental chamber controlled at a range of temperatures and data is recorded for voltage, current, capacity, test time and temperature.
Test 1
The first test characterises the relationship between EMF and SoC. It also provides data for finding the total capacity of the cell. To calculate the EMF of a cell the test module is cycled at the very slow rate of C/48. This rate has been determined to be slow enough that the voltage drop due to internal resistances is at a minimum and gives an accurate representation of the EMF.
Several tests are carried out on a parallel module of cells within the environmental chamber set at various temperatures ranging from -20 o C to +40 o C. They are carried out in a specific order so that the least damaging tests occur first and damage to the cells is minimised. The cells are subjected to a series of charge and discharge cycles at each temperature and the data is logged electronically at regular intervals. Because the cells are charged at a constant current, determining a cell's state of charge with respect to an EMF value is relatively simple. The value of the cell's total capacity is also easily determined as a consequence of this.
Test 2
For the characterisation of the internal resistances of the cell a method of step-cycling is used where the cells are cycled between their voltage limits at various current rates with periodic intervals of rest. Again, the cells are arranged in parallel modules and are tested over temperatures ranging from -30 o C to +60 o C. A slower rate is used for the cold temperature tests of -20 o C and below in order to minimise cell heating caused by the higher resistance and damage to the cells due to lithium deposition during charge.
Internal Resistance. Internal resistance is a function of both state of charge and of temperature. This double dependency requires a two dimensional lookup table of values in the Simulink model. The internal resistance (R int ) is defined in the characterisation tests as the change in voltage measured two seconds after the load is removed (V 2s ) divided by the current (I):
Resistance is low at high states of charge and high temperature and increases as either SoC or temperature falls. Resistance affects the thermal dissipation and the terminal voltage of the cell. However, an increase in thermal dissipation increases the temperature ECS Transactions, 28 (22) 21-33 (2010) of the cell which in turn affects the resistance over time. The terminal voltage is affected by the internal resistance, offsetting the EMF by an amount proportional to current.
Chemical Diffusion Resistance. Any other discrepancy between terminal voltage after the 2 second rest period and the EMF is accounted for by the chemical diffusion resistance which is a function of temperature and total charge transfer. Calculations for this parameter are made from the same set of step-cycling tests as for the ohmic resistances. An equation for the steady state value of the chemical resistance is produced with a dependency on temperature only. The coefficients for this equation are found by analysing the difference between the terminal voltage after a 2 second rest, and the EMF. This steady state value is then used in a second calculation that depends on the capacity transferred. This second equation describes how the chemical resistance builds up to a steady state value.
Test 3
Thermoneutral potential is the parameter that describes how the open circuit voltage of a cell is affected by changing temperature conditions. The test used to obtain the data for the thermoneutral potential lookup table consists of a set of single cells that are charged to different states of charge and are then thermally cycled between -20 o C and +40 o C in order to replicate this effect. The cells are thermally cycled a number of times and the data is logged at regular intervals. To find the thermoneutral potential, the gradient of the curve (obtained from the final thermal cycle data) for each SoC is determined. Using the EMF/SoC characterisation data, a data array of EMF against the thermoneutral potential is the final calculation needed for the Simulink lookup table.
Creating the Model
The inputs to model are entered by the user and define the cell type required, the current profile, the initial conditions of the battery pack, its size, and the environment in which is it to be used. Initially the changing state of charge is calculated from the current profile properties and this is then converted into a corresponding EMF from the EMF/SoC lookup table. This changing value of EMF is then used as an input to the resistance calculation lookup tables and the thermoneutral potential lookup table.
The total power dissipation is calculated from the value obtained for the thermoneutral potential and the internal resistance, and this, in turn, is used as an input to the temperature calculation block. As all of the lookup tables and the chemical resistance calculations are dependent on temperature, the value obtained for temperature is fed back into the model. Finally, the terminal voltage is calculated from the current profile and the total internal resistances. There is an extra block that accounts for the taper charge for when the battery is in constant voltage charge mode where the current tapers to a preset cut-off value to signify the end of charge. This replaces the constant current charge profile entered by the user. , 28 (22) 21-33 (2010) 
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Validating the Model and Results
In order to validate the model testing was carried out on a number of Sony 18650HC cells supplied by ABSL. These cells were subjected to various charge and discharge tests and then compared to an equivalent output from the model. All tests were carried out in an environmental chamber and data from the cells was recorded automatically at set intervals. Initially a test was carried out to determine the total capacity of the test cells and, as this turned out to be slightly less than their rated value, an estimate for the increased internal resistance was made. This means that the capacity fade function worked into the internal resistance subsystem could be tested. Figure 7 . Test data against model data for a C/2, C/4 and C/10 discharge of 4 cells in parallel. Figure 7 shows an example of several discharge curves for a set of 4 cells in parallel. The results achieved show that the model provides a high correlation to test data. At the end of discharge the results diverge slightly which is due to the increased resistance at low states of charge. As the resistance increases significantly at low SoC, small discrepancies in the calculated values for the cell SoC (when the resistance values are characterised) can cause differences like this. Overall the model represents the behaviour of the cell very well. A second profile, that of an 18650HR cell, was also created for the model to test its adaptability to other cell types. Data for the original HC cell was replaced with a new set of characteristic data, taken from tests conducted at ABSL, and a new set of characteristic curves specific to the HR cell were obtained. , 28 (22) 21-33 (2010) The adaptability of the model is shown in Figure 9 . The difference between these charge curves for the two types of cell is evident as the HR cell has a very different characteristic curve to the HC cell. The HR cell is charged to a maximum of 4.1 volts as opposed to the HC cell which has a 4.2 volt maximum. This graph demonstrates the value in having an accurate model to distinguish between cell types.
Conclusions
An adaptable lithium-ion battery model has been created for implementation into a full power system model. A specific lithium-ion cell chemistry is characterised and the model operates by using data from these characterisation tests. The user can enter a current profile, an initial state and information on the battery's working environment and the battery model will display the corresponding state of the battery over time. Future work will concentrate on improving accuracy and characterising other cell types, for which there is no commercial data available yet, for inclusion into the model.
